The allelic status at bmy1, which encodes the enzyme β-amylase 1 in the barley grain, has an important influence over a cultivar's malting quality. Changes in the malting process have been responsible for the need to improve the thermostability of this enzyme. We have compared a published bmy1 haplotyping assay based on TDI-FRET (templatedirected dye-terminator incorporation fluorescence resonance energy transfer) with a SNaPshot protocol by jointly analysing a set of 21 cultivars of known haplotype. The two methods gave the same result, but the SNaPshot assay was easier to interpret. The SNaPshot assay was therefore used to haplotype the Czech malting barley core collection with respect to bmy1. The old Czech cultivar Kasticky was the only entry identified as carrying the high thermostability haplotype, with the remainder carrying either the intermediate or the low thermostability haplotypes. Older materials were the most variable in terms of bmy1 haplotype, but the majority carried the intermediate type. Most of the descendants of cv. Diamant carried the low thermostability haplotype. The most recently released cultivars recommended for the brewing of Czech beer tend to carry the intermediate allele.
Introduction
Starch degradation in the cereal grain requires the concerted action of limit dextrinase, the α-amylases, the β-amylases and the α-glucosidase (Sun & Henson 1990) . Their combined activity provides an important predictor of malting quality (Swanston & Molina-Cano 2001) . β-Amylase (α-1,4-D-glucan maltohydrolase) catalyses the release of β-maltose from the non-reducing ends of the starch molecule and, in contrast to the three other groups of enzymes, is accumulated during grain development, rather than being synthesized during germination (Hardie 1975) . β-Amylase is more thermolabile than the other diastatic enzymes (Thacker et al. 1992) . Two genes encoding β-amylase have been described in barley; the first (bmy1), mapping to chromosome 4H, is responsible for the synthesis of β-amylase 1 (BMY1), an enzyme unique to the endosperms of the Triticeae cereals (Kreis et al. 1988; Daussant et al. 1994) . The biochemical role of barley BMY1 is well characterized, given its critical role in the brewing process (Ziegler 1999; Ma et al. 2000) . The second is the β-amylase 2 (bmy2) gene, which maps to chromosome 2H (Kreis et al. 1988) . Its gene product (BMY2) has been termed "ubiquitous β-amylase", because orthologous proteins are present in all cereals (Daussant et al. 1991) . Based on a combination of gene expression analysis (Kaneko et al. 2000) and quantitative trait locus mapping (Kaneko et al. 2001; Clancy et al. 2003) , the current consensus is that it is the bmy1 locus which is responsible for the protein structure and thermostability of β-amylase.
Electrophoretic analyses of β-amylase isozymes were used to uncover three forms of the enzyme, each differing in its thermostability (Eglinton et al. 1998 ). The origin of this variation was thought to reside in the structure of the enzyme, since sequence comparisons demonstrated that the various isozymes differed from one another at both the nucleotide and the amino acid sequence level (Eglington et al. 1998; Erkkila et al. 1998; Kaneko et al. 2000; Ma et al. 2001 ). In particular, Paris et al. (2002) were able to identify nucleotide variation at two sites in bmy1, which generated amino acid substitutions, and resulted in four allelic forms which could be associated with the enzymes' thermostability. These were designated Sd2L (low thermostability), Sd1 (intermediate), Sd3 and Sd2H (high thermostability). Cultivars and genetic resources were analysed by different methods, providing insight into the diversity of the encoding sequence and revealing other haplotypes (Kihara et al. 1998; Polakova et al. 2003; Zhang et al. 2004; Malysheva-Otto & Roder 2006) . The method used by Paris et al. (2002) to identify nucleotide variation was a single nucleotide primer extension duplex assay, which depended on the availability of a mass spectrometer as a detection platform. Subsequently, a simpler assay, cleaved amplified polymorphic site was developed, which was able to discriminate between the two high and the low/intermediate thermostability haplotypes, and this method has been widely used in later years (Malysheva et al. 2004; Sjakste & Roder 2004; Zhang et al. 2007 ). Pyrosequencing has been suggested as an alternative haplotype detection platform (Polakova et al. 2003; Malysheva-Otto & Roder 2006) , but it suffers from a requirement for rather expensive equipment and consumables. A more recent detection method, as reported by Ovesna et al. (2006) , is based on templatedirected primer extension. Despite the availability of several alternative β-amylase haplotyping platforms, no widely agreed standard procedure exists as yet.
Here, we describe a method which is both precise and relatively cost-effective, based on the SNaPshot assay (Pati et al. 2004) . Our aim was to apply this assay to a range of Czech spring malting barleys to track relevant allele frequencies over time in the local malting barley breeding genepool.
Material and methods

Plant material and DNA extraction
The sets of spring barley accessions used (sampled from the holdings at the Agricultural Research Institute Kromeriz and Gene bank RICP Prague-Ruzyne) are listed in Table 1  and Table 2 . The initial set of 21 entries (Table 1) included 8 known cultivars carrying the C/T Sd2L (low thermostability) haplotype (Polakova et al. 2003; Ovesna et al. 2006) , while further 13 ones represent other haplotypes. The second set comprised 47 spring barley cultivars of unknown haplotype. Genomic DNA was extracted from a bulk sample of 14-day old leaves taken from 20 individuals per accession, using the cetyltrimethyl ammonium bromide protocol of Saghai-Maroof et al. (1984) . DNA concentrations were measured spectrophotometrically, and DNA quality was verified by separation through a 0.8% agarose gel.
PCR amplification
Two sets of PCR primer pairs were used to amplify the relevant segment of the bmy1 gene, namely cSNP 495 (coding single nucleotide polymorphism):
-forward: 5'-GCTGTGACAGATGTATGCCGAT -reverse: 5'-TCCGTGGCTCTGAGGATATGAT and cSNP 698 : -forward: 5'-GCCATCCTGAGTGGGAATTTC; -reverse: 5'-CCCGTTGTCCCTGAAGAATTG.
The reaction conditions were common to both primer pairs, and were carried out in a 20 µL volume, containing 1× PCR buffer (Qiagen, Hilden, Germany), 200 µM dNTP (Qiagen), 0.1 µM of each primer (KRD Molecular Technologies, Prague, Czech republic), 1 U Taq DNA polymerase (Qiagen) and 20 ng template DNA. The PCR regime comprised an initial denaturation of 94 incubation at 37
• C. An aliquot of 1 µL of the purified SNaPshot reaction was added to 9 µL Hi-Di formamide (SigmaAldrich, Steinheim, Germany) and 0.5 µL LIZ size standard (Applied Biosystems), the sample was denatured by holding at 95
• C for 5 min, quenched on ice, and was finally loaded into an ABI PRISM 3130 genetic analyser (Applied Biosystems). The output of the capillary electrophoresis was analysed using GeneScan software (Applied Biosystems). (Ovesna et al. 2006) .
Template-directed dye-terminator incorporation fluorescence resonance energy transfer (TDI-FRET)
Results and discussion
We initially compared the efficacy of the TDI-FRET based assay (detected on an ABI 7700 real-time PCR platform) and a SNaPshot assay (separated on an ABI sequencer), by haplotyping a set of 21 representative accessions. Unlike the TDI-FRET assay, in which labelled primers are required, the SNaPshot assay uses non-labelled primers with the 3' end and fluorescently labelled ddNTP as terminators. Specific nucleotides, each differing by the reporter fluorescent dye, are incorporated during PCR corresponding to the individual SNPs (Babol-Pokora & Berent 2008) . SNaPshot profiles are presented as a set of coloured bands, while the TDI-FRET assay requires the interpretation of amplification profiles, reflecting the accumulation from cycle to cycle of amplicon copies. Thus the former platform offers a much simpler output, and in particular is more reliable in its discrimination between homo-and heterozygotes. A further advantage of the SNaPshot platform over TDI-FRET is that it relies on sequencing software (rather than real-time PCR software), which tends to be quite widely available. The method is relatively cost-effective and, unlike the cleaved amplified polymorphic site assay that differentiates between two high thermostability allele types and the alleles associated with low and intermediate thermostability (Malysheva et al. 2004; Zhang et al. 2007 ), TDI-FRET can differentiate all isoforms and identify heterozygotes.
The SNaPshot method was then extended to the analysis of the second set of accessions, to complete the bamy1 haplotyping of the spring barley core collection maintained at Kromeriz. Eight accessions had the C+G/T Sd2L/Sd1 haplotype heterogeneous, one (cv. Kasticky) the C/C Sd2H haplotype (high thermostability), 26 the G/T Sd1 haplotype (intermediate thermostability), and the remaining 12 the C/T Sd2L haplotype (low thermostability) (see Table 2 ). This distribution resembled that noted by Ovesna et al. (2006) , in which the majority of Czech and Slovak malting barleys carry either Sd1 or Sd2L. High thermostability β-amylase 1 spring barleys are rather rare in Europe. The origin of the 16 European Sd2H cultivars identified by Malysheva et al. (2004) was traceable to a single cross "Binder × Gull". High thermostability alleles are more prevalent in material bred in Japan or Africa (Li et al. 2002; Polakova et al. 2003) , which is in general only poorly adapted to the European climate and/or agricultural practices. The cultivar Kasticky (like cvs. Ratborsky and Detenicky) is rather old; the only known local highly thermostable modern cultivar is cv. Malvaz, whose pedigree is recorded as including exotic material (Ovesna et al. 2006) . Although these materials may well be associated with high thermostability during brewing (Eglinton et al. 1998) , their inclusion in local breeding programmes has been limited, probably because they are unacceptable as breeding parents as a result of other traits, such as the shape of the spike, which is a particular problem for cv. Malvaz (I. Langer, personal communication).
As shown by Ovesna et al. (2006) , a number of elite malting cultivars have been bred from "Hanacky" type barleys (cvs. Valticky and Diamant) even though they carry the low thermostability allele. For example, the pedigrees of the cvs. Favorit, Diabas and Radegast all include a number of crosses involving cv. Diamant. Similarly, a number of cultivars descended from the Bavarian cv. Krona have inherited the Diamant allele. The measurement of malting parameters performed by the Central Institute for Supervising and Testing in Agriculture (Czech Republic) during the period showed that entries carrying the low thermostability allele tended to contain less proteins (N-substances) and a higher extract content (K. Vaculova et al., unpublished results) . It is possible that these findings together with simplicity of assessing two basic malting parameters (protein and extract) in the early breeding generations may have encouraged breeders to exploit genotypes with low thermostability in their breeding programmes during the 1950s and 1960s. The more specific demands of the malting and brewing industry during the following years, driven by an improvement in analytical techniques (for example the specification of minimal levels of diastatic power, Kolbach index, final attenuation, etc.), have resulted in a predominance among newer cultivars of the intermediate thermostability haplotype. Of the eight cultivars currently recommended for production of Czech beer (Advent, Aksamit, Blanik, Bojos, Calgary, Malz, Radegast and Tolar), only two (Bojos and Radegast) carry the low thermostability haplotype. Both cv. Bojos and cv. Radegast are descendants of cv. Krona, while the other six were bred from other lines and cultivars with the intermediate thermostability haplotype (Sd1) like Gull and Binder in their pedigrees. More widely, few European barley malting cultivars carry the low thermostability haplotype, while the majority has the intermediate thermostability type (Sjakste & Roder 2004; Malysheva-Otto & Roder 2006) .
A combination of the present haplotype data with that taken from published sources (Polakova et al. 2003; Ovesna et al. 2006 ) now allows an analysis of a set of 108 spring barley entries derived from the former Czechoslovakia and the Czech Republic. The breeding strategies employed fall into four time intervals: (i) up to 1938 -breeding was restricted to selection among the progeny of sexual crosses; (ii) 1939-1972 -mutation breeding was introduced; (iii) 1973-2000 -the focus was on semidwarf cultivars with good levels of disease resistance and high yield; and (iv) since 2001 -the emphasis has been on improving malting performance by incorporating germplasm from Western Europe. These changed priorities are reflected in the frequency of the intermediate and low thermostability haplotypes (Fig. 1) . The intermediate stability type was prevalent in the first half of the 20 th century, but both Sd2H and Sd3 (high thermostability) were also present. Polakova et al. (2003) and other authors (Kihara et al. 1998; Zhang et al. 2004) found desirable thermostable alleles in various older cultivars and genetic resources that are today employed in the breeding processes. Thus, old genetic resources remain relevant as a reservoir of alleles useful in the context of malting quality, as they do for a Haplotyping barley bmy1 using the SNaPshot assay range of other traits (Benson 2008; Hammer & Teklu 2008) . Later, cv. Diamant, a short straw mutant of cv. Valticky, dominated the breeding programmes, bringing with it its low thermostability haplotype. It was the change in consumer and brewing industry requirements which finally succeeded in re-introducing the haplotype responsible for the intermediate thermostability.
To summarise, it can be pointed out that the two contrasting approaches are available to obtain further increases in the thermostability of BAMY1. One relies on genetic modification , but this is difficult in the European market, as the release of genetically modified organisms remains heavily regulated (EU regulation 1829 (EU regulation /2003 . The other relies on conventional breeding, which can now be complemented by molecular tools of the sort we have described here.
